Aimed at developing novel fungicides for relieving the ever-increasing pressure of agricultural production caused by phytopathogenic fungi, 28 new hydrazone derivatives of carabrone, a natural bioactive sesquisterpene, in three types were designed, synthesized and their antifungal activities against Botrytis cinerea and Colletotrichum lagenarium were evaluated. The result revealed that all the derivatives synthesized exhibited considerable antifungal activities in vitro and in vivo, which led to the improved activities for carabrone and its analogues and further confirmed their potential as antifungal agents.
Introduction
Emerging infectious diseases caused by fungi are increasingly recognized as presenting a worldwide threat to food security, and pathogenic fungi have long been known to constitute a OPEN ACCESS widespread threat to plant species [1, 2] . Plant disease epidemics caused by fungi or the fungal-like oomycetes can infect diverse economically important crops and result in severe yield losses and quality reduction of agricultural production [3] [4] [5] . Chemical fungicides are widely used to protect crops against these losses at present, but the application of chemical fungicides is challenged by the incidence of resistance and residues [4] . Thus, the discovery of natural antifungal compounds along with further development is important to address these challenges.
Carabrone (Figure 1 ), first isolated from the fruits of Carpesium abrotanoides [6] , is a well-known sesquiterpene and exhibits significant antibacterial [7, 8] and antitumor activities [9, 10] . We have demonstrated the antifungal activities of carabrone and its derivatives against Colletotrichum lagenarium [11, 12] with α-methylene-γ-butyrolactone [13, 14] previously, and found the C-4 position of carabrone was a key to their activities [11, 12] . Besides, as part of an effort to develop environment friendly antifungal agents from natural products, researchers from our laboratory have designed and synthesized a series of carabrone derivatives to explore the qualitative structure-activity relationship (QSAR) hidden in them and the result implied that the derivatives of carabrone with a C=N double bond on the C-4 position may display stronger antifungal activity against C. lagenarium than others. As a continuation of our project aimed at developing novel fungicides with carabrone as the lead compound, three types of hydrazone derivatives of carabrone were designed in this study by adding a hydrazine or hydrazide group to the C-4 site. To our best knowledge, the type of carabrone derivatives formed in sulfonyl hydrazone has not been reported before. Besides, in order to determine whether the carabrone hydrazone derivatives (Figure 2 , 6a-q, 7r-s, 8a-i) have the potential for further development, their antifungal activities against C. lagenarium in vitro and against Botrytis cinerea in vitro and in vivo were evaluated [15] . In addition, the QSAR of these compounds were also investigated; it is the first time the QSAR of carabrone derivatives have been obtained based on the experiments both in vitro and in vivo.
Results and Discussion

Synthesis
Structure modification on active natural compounds is an important way to develop new drugs with improved activities and reduced side effects. Based on our previous finding that antifungal activity can be improved significantly by the introduction of a C= N group to the C-4 position of carabrone, catalyzed by glacial acetic acid, 28 new title compounds forming in hydrazone, acyl hydrazone and sulfonyl hydrazone were obtained (Scheme 1) by reacting carabrone with the intermediates prepared prior to use. To our best knowledge, it is the first time to synthesize carabrone derivatives in sulfonyl hydrazone (7r-s). The structures of all the derivatives were characterized by 1 H NMR, 13 C NMR and high-resolution electrospray ionization mass spectrometry (HR-ESI-MS). 
Antifungal Activity
All the derivatives exhibited significant antifungal activities in spore germination assay with IC 50 (50% inhibitory concentration, analyzed by SPSS for windows) values ranging from 1.27-27.33 μg/mL against B. cinerea and 0.77-15.23 μg/mL against C. lagenarium (Table 1 ). In addition, all derivatives also showed strong antifungal activities against B. cinerea in vivo (IC 50 ranged from 2.10-30.80 μg/mL), when testing their inhibition on colonial growth of B. cinerea using tomato fruits. Among them, compounds 8g with the IC 50 value of 1.27 μg/mL against B. cinerea and 6q with 0.77 μg/mL against C. lagenarium successively showed the strongest activities to corresponding pathogens in vitro, and no significant differences were showed to a commercial fungicide, chlorothalonil. In addition, compound 8c, with the IC 50 of 2.10 μg/mL against B. cinerea, exhibited the strongest activity in vivo.
Comparing among carabrone, carabrol and their derivatives [12] , it was confirmed that antifungal activity against C. lagenarium increased significantly with the introduction of a C=N double bond to the C-4 position. Only two compounds as sulfonyl hydrazones of carabrone were designed in our project; they both showed medium antifungal activities. The exact QSAR should be obtained from more derivatives of this type in the future. In addition, it should be especially noted that in our ongoing research, carabrone hydrazone derivatives also showed higher antifungal activities than their oxime ester analogues with the same C= N double bond on the C-4 position, both in vitro and in vivo. This may indicate that the changes in spatial conformation except for the functional group had significant influence on its antifungal activity. In a word, focusing on the lead compound, this study led to an improved activity of carabrone and its analogues and further confirmed their potential as antifungal agents.
Qualitative Structure-Activity Relationship
QSAR analysis based on the activities of hydrazone derivatives of carabrone in vitro and in vivo would provide some insight into potential rational optimization of active natural compounds to develop new fungicides.
Generally, the introduction of chlorine atom or bromine atom on the substituent group may improve the antifungal activity of the hydrazone derivatives of carabrone, both in vitro and in vivo. For example, when a chlorine atom was introduced into compound 6d, affording 6e, the antifungal activity increased, with the in vitro and in vivo IC 50 against B. cinerea decreasing from 7.81 and 12.84 μg/mL to 5.57 and 9.57 μg/mL, and with the in vitro IC 50 against C. lagenarium decreasing from 10.83-9.98 μg/mL. When a bromine atom was introduced into 6d, generating 6f, the in vitro antifungal activities against B. cinerea and C. lagenarium were enhanced, with an IC 50 of 4.83 and 10.02 μg/mL, respectively, along with an improved antifungal activity against B. cinerea in vivo at 7.03 μg/mL.
The hydrazone derivatives of carabrone containing meta-substituted R groups showed higher antifungal activities than those derivatives with para-substituted R groups. On the other hand, the antifungal activities of the derivatives with ortho-substituted R groups were lower than those of derivatives with para-substituted R groups. For example, compound 6q (in vitro IC 50 : 6.37 μg/mL against B. cinerea and 0.77 μg/mL against C. lagenarium; in vivo IC 50 : 12.52 μg/mL against B. cinerea) showed stronger antifungal activities than that of 6p (in vitro IC 50 : 10.30 μg/mL against B. cinerea and 2.56 μg/mL against C. lagenarium; in vivo IC 50 : 16.42 μg/mL against B. cinerea). Compound 8e (in vitro IC 50 : 10.31 μg/mL against B. cinerea and 4.27 μg/mL against C. lagenarium; in vivo IC 50 : 8.93 μg/mL against B. cinerea) exhibited a weaker activity than that of compound 8d (in vitro IC 50 : 3.79 μg/mL against B. cinerea and 3.95 μg/mL against C. lagenarium; in vivo IC 50 : 4.62 μg/mL against B. cinerea). In addition, compound 6j exhibited a weaker activity than that of compound 6i, following the same rules. 
Experimental Section
General
The melting points of the compounds were determined using an X-4 apparatus (uncorrected, Beijing Tech. Instrument Co., Beijing, China). 1 H NMR, 13 C NMR and 2D-NMR spectra were obtained using a Bruker Avance 500 MHz spectrometer (Bruker, Bremerhaven, Germany) in CDCl 3 or CD 3 COCD 3 solution with TMS as the internal standard. HR-ESI-MS spectra were carried out using Bruker/Germany apex-ultra 7.0 T spectrometer (Bruker, Bremerhaven, Germany). Carabrone was isolated from Carpesium macrocephalu collected in Gansu province, China. Carboxylic acid reagents were purchased from J&K China Chemical Ltd. (Beijing, China). All organic solvents were commercial products and were purified by standard techniques prior to use. Silica gel for TLC and CC was obtained from Qingdao Haiyang Chemical Co. Ltd. (Qingdao, China).
Synthesis of Title Compounds
As shown in Scheme 1, 10 mmol carboxylic acid (1a-q) was first reacted with excess ethanol in a three-necked, round-bottomed flask containing concentrated sulfuric acid as catalyst, reflux for 5 h, to get the corresponding esters (2a-q) [16] . The esters were then reacted with excess hydrazine hydrate directly without further purification. The second reaction was performed under reflux for 5-8 h until the reaction was complete as determined by TLC. The intermediates (3a-q) were isolated by re-crystallization and then reacted with carabrone (100 mg, 0.4 mmol) to obtain the target compounds (6a-q, Figure 2 ), catalyzed by glacial acetic acid [17] (See Supplementary for more information). For the preparation of carabrone sulfonyl hydrazone (7r-s), a solution (20 mL) of benzenesulfonyl chloride (1r, 1 mmol) or p-toluene sulfonyl chloride (1s, 1 mmol) in acetone and an appropriate amount of hydrazine hydrate were treated with 5% NaOH solution (0.5 mL) firstly. The mixture was then shaken vigorously for 10 min, cooled and poured into 1:1 (v/v) HCl. The precipitate formed was filtered, washed with water and recrystallized from alcohol to obtain the intermediates (2r-s) [18] . Finally, the intermediates (0.5 mmol) was added to a three-necked, round-bottomed flask containing carabrone (100 mg, 0.4 mmol) in absolute ethyl alcohol, reflux until the reaction was complete, catalyzed by glacial acetic acid [17] as shown in Scheme 1. As shown in Scheme 1, for the preparation of the intermediates (5a-i), 2-hydroxyl ethanamine (4a, 1 mmol) or phenylamine derivatives (4b-i, 1 mmol) was first reacted with sodium nitrite (2 mmol) and hydrochloric acid (5 mL) at 0 °C, reduced by sodium pyrosulfite, washed with hydrochloric acid (5 mL) and dissolved in water (10 mL). Concentrated hydrochloric acid was then added to this solution after decolorization with activated carbon to produce intermediates (5a-i) [19] . Finally, the target compounds (8a-i, Figure 2 ) were successively obtained with the yields of 45%-93% after carabrone (100 mg, 0.4 mmol) reacting with the intermediates (0.5 mmol) and catalyzed by glacial acetic acid [17] . 
N'-((E)-4-((4aS,5S,5aR)-5a-Methyl-3-methylene-2-oxooctahydro-2H-cyclopropa[f]benzofuran-
Culture of B. cinerea and Inoculation
The B. cinerea strain was cultured on PDA at 25 °C for a week. Two symmetrical spots (5 mm in diameter and 3 mm deep) were punctured on the opposite side of tomato fruits with a sterile nail, tested samples were then sprayed on the surface and air dried. Twenty-four hours later, agar discs with mycelium (4 mm in diameter), taking from the edge of 7-day old colonies of B. cinerea on PDA, were placed on the punctured site of the tomato fruits with mycelia facing the surface of fruits. Every test was performed in triplicate. Chlorothalonil was used as the positive control. Treated fruits were put in plastic boxes containing sterile water to keep humidity and stored at 25 °C. After 6 days, lesion diameters were measured in two perpendicular directions and the average inhibition rate was calculated [21] .
Statistical Analysis
All experimental data were calculated and analyzed using SPSS 16.0 for Windows (SPSS China, Shanghai, China).
Conclusions
Twenty-eight new hydrazone derivatives of carabrone were synthesized in this work, and most of them exhibited higher antifungal activities against C. lagenarium than the lead compound and their ester analogues [12] . The additional experiment carried out against B. cinerea in vitro and in vivo confirmed their promising potential for development of activities. It is worth noting that 8c and 8g exhibited the strongest antifungal activities among these compounds and have been identified as potential candidate compounds for the development of new fungicides for the sustainable agriculture. Given this interesting level of activity, further study on these compounds is necessary.
